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Bendelac and colleagues find that
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small intestine but exclude bacteria
indigenous to the colon. Most
commensals are targeted by T-
independent IgA derived predominantly
from the orphan B1b lineage, but atypical
subsets evade T-independent responses
and elicit T-dependent IgA.
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Immunoglobulin A (IgA) is prominently secreted at
mucosal surfaces and coats a fraction of the intesti-
nal microbiota. However, the commensal bacteria
bound by IgA are poorly characterized and the type
of humoral immunity they elicit remains elusive.
We used bacterial flow cytometry coupled with 16S
rRNA gene sequencing (IgA-Seq) in murine models
of immunodeficiency to identify IgA-bound bacteria
and elucidate mechanisms of commensal IgA target-
ing. We found that residence in the small intestine,
rather than bacterial identity, dictated induction
of specific IgA. Most commensals elicited strong
T-independent (TI) responses that originated from
the orphan B1b lineage and from B2 cells, but
excluded natural antibacterial B1a specificities.
Atypical commensals including segmented filamen-
tous bacteria andMucispirillum evaded TI responses
but elicited T-dependent IgA. These data demon-
strate exquisite targeting of distinct commensal
bacteria by multiple layers of humoral immunity and
reveal a specialized function of the B1b lineage in
TI mucosal IgA responses.
INTRODUCTION
Host-commensal symbiosis is mediated at mucosal surfaces by
secreted host-derived factors including mucus, antimicrobial
peptides, and immunoglobulin A (IgA) (Pabst, 2012). Mammals
invest significant resources into IgA production: more than
80% of all human plasma cells secrete IgA and reside in the in-
testinal lamina propria. IgA can mediate protective immunity to
enteric pathogens including viruses, bacteria, and toxins (Pabst,
2012). However, IgA also contributes to intestinal homeostasis.
Mice and humans with defective IgA secretion show increased
susceptibility to inflammatory bowel disease, celiac disease,
and allergy (Cunningham-Rundles, 2001; Moon et al., 2015).ImIgA may regulate commensal community composition, gene
expression, and motility, which in turn influence host epithelial
physiology and innate immunity (Cullender et al., 2013; Fagara-
san et al., 2002; Kawamoto et al., 2014; Peterson et al., 2007).
Notably, IgA coating of commensal bacteria can be detected
by flow cytometric and microscopic analysis of fecal samples
from healthy mice and humans (Kau et al., 2015; Kroese et al.,
1996; Palm et al., 2014; Tsuruta et al., 2010; Tsuruta et al.,
2009; van der Waaij et al., 1996). However, the commensal bac-
teria bound by IgA are poorly characterized and the mechanisms
by which they induce specific IgA are unclear.
Mucosal IgA+ plasma cells can be generated by both T-depen-
dent (TD) and T-independent (TI) mechanisms. However, the
relative contributions of each pathway remain unclear. TD re-
sponses are typically directed against protein antigens and
occur in gut-associated lymphoid tissues including Peyer’s
patches (PPs) and mesenteric lymph nodes (mLNs), where
germinal centers (GCs) are constitutively active. TD responses
require signals from CD4+ T follicular helper (Tfh) cells that direct
the selection and differentiation of high affinity GC B cells into
long-lived plasma cells. In contrast, TI responses may occur
both in organized lymphoid tissues and in non-lymphoid tissues
(Tezuka et al., 2011; Tsuji et al., 2008). In both TD and TI path-
ways, factors in the intestinal microenvironment such as trans-
forming growth factor b (TGF-b), interleukin-10 (IL-10), and reti-
noic acid direct class switch recombination to the IgA isotype
(Pabst, 2012). TI IgA responsesmay produce primarily ‘‘natural,’’
polyreactive specificities with low affinity for commensal bacte-
ria (Kubinak et al., 2015; Pabst, 2012; Slack et al., 2012; Ste-
phens and Round, 2014), but have been demonstrated against
a limited number of commensal model antigens (Macpherson
et al., 2000). Thus, although protective immune responses to
many enteric pathogens are TD (Pabst, 2012), it is unclear
whether IgA coating of commensal bacteria is more dependent
on TD or TI responses.
While TI antigens can stimulate circulating follicular B2 B cells,
they can also activate innate B1B cells that reside primarily in the
peritoneal cavity (Baumgarth, 2011). In contrast, TD responses
are thought to predominantly involve B2 B cells. Both B1 and
B2 B cells can differentiate into intestinal IgA+ plasma cells,
although the relative contributions of these lineages remainmunity 43, 541–553, September 15, 2015 ª2015 Elsevier Inc. 541
Figure 1. IgA Responses Predominantly Target Commensal Bacteria of the Small Intestine
(A) Representative staining of C57BL/6 feces and negative controls showing staining in the presence of excess purified IgA and ofRag2/Il2rg/mice lacking B
cells or Aicda/ mice lacking IgA. All bacterial flow cytometry plots were gated FSC+SSC+SYTO BC+DAPI.
(B) Representative staining and quantification of IgA+ bacteria measured by flow cytometry (n = 12) or free IgAmeasured by ELISA (n = 19) or absolute numbers of
IgA+ plasma cells. Data compiled from five independent experiments. Error bars indicate SE.
(legend continued on next page)
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controversial (Kroese et al., 1989; Macpherson et al., 2000;
Thurnheer et al., 2003). Two subsets of B1 B cells, B1a and
B1b, are present in the peritoneal cavity. Although limited data
suggest differential capacity of B1a and B1b to undergo IgA
class-switch recombination (Roy et al., 2013), it is not known
whether both subsets coat commensal bacteria in vivo. Perito-
neal B1a secrete ‘‘natural’’ antibodies that react with conserved
microbial antigens and have been hypothesized to contribute to
control of the microbiota (Kroese et al., 1989; Pabst, 2012). In
contrast, very little is known about the role of B1b except that
they can generate protective TI responses againstBorrelia herm-
sii and Salmonella typhimurium outer membrane proteins and
Streptococcus pneumoniae capsular polysaccharides after sys-
temic infection (Alugupalli et al., 2004; Gil-Cruz et al., 2009; Haas
et al., 2005).
To characterize the commensal bacterial targets of IgA, we
utilized bacterial flow cytometry coupled with 16S rRNA gene
sequencing (IgA-Seq) (Kau et al., 2015; Kawamoto et al., 2014;
Palm et al., 2014). We found that IgA coated many but not all
commensals in the homeostatic state and that dramatic differ-
ences were associated with bacterial localization along the
gastrointestinal tract. Using murine genetic models of immuno-
deficiency, we found that most IgA-bound taxa were specifically
targeted by TI IgA. We further demonstrated that natural anti-
bacterial B1a specificities did not contribute to IgA coating.
In contrast, innate B1b—a phenotypically related but poorly
understood, ‘‘orphan’’ lineage—and adaptive B2 B cells each
contributed diverse commensal-reactive specificities. Finally,
we identified an atypical subset of commensals that evaded TI
responses but elicited TD IgA. Together, these data indicate
that multiple layers of humoral immunity are elicited by distinct
commensal bacteria in the small intestine and reveal a novel
specialization for the B1b lineage in mucosal TI responses.
RESULTS
Distinct Regulation of IgA Synthesis in the Small
Intestine and Colon of Mice and Humans
To study the commensal bacteria targeted by IgA under homeo-
static conditions, we established a flow cytometric assay to visu-
alize IgA-bound (IgA+) bacteria in murine feces. We found that
approximately 20% of bacteria were IgA+ in the feces of wild-
type (WT) C57BL/6 mice and verified that this staining was
specific and absent from Rag2/gc
/ and Aicda/ feces (Fig-
ure 1A), as reported previously (Kau et al., 2015; Kawamoto et al.,
2014; Kroese et al., 1996; Palm et al., 2014; Tsuruta et al., 2010;
Tsuruta et al., 2009; van der Waaij et al., 1996). While the fre-
quency of IgA+ bacteria in the colon was relatively constant, we
found substantial differences along the gastrointestinal tract.
IgA coated a significantly greater fraction of bacteria in the small
intestine than the colon (40%–80% IgA+ versus 10%–30% IgA+;(C) Staining and quantification of IgA+ bacteria in ileal or colonic aspirates from h
(D) Representative pre- and post-MACS purity analysis of IgA+ and IgA fraction
(E) Average relative abundance of taxa in indicated fractions as assessed by 16S
n = 3.
(F) Log10 relative abundance of each taxa in the IgA
+ divided by relative abundan
(G) Quantification of average% of colonic IgA+ or IgA taxa found at >1% relative
duodenum (white) in (E). See also Figure S1.
ImFigure 1B), as reported previously (Kroese et al., 1996; Tsuruta
et al., 2009). This correlated with significantly higher titers of
luminal free IgA in the small intestine (Figure 1B) and 10–15 fold
more IgA+ plasma cells in the small intestinal lamina propria rela-
tive to the colonic lamina propria (Figure 1B). Similar trends were
apparent in WT BALB/c and C3H mice (data not shown). We
also observed a higher frequency of IgA+ bacteria in small intes-
tinal aspirates of healthy humans relative to colonic aspirates
(Figure 1C). These data suggest that IgA responses against
commensal bacteria are most prominent in the small intestine.
IgA Predominantly Targets Commensal Bacteria of the
Small Intestine
To identify commensal bacteria targeted by IgA, we fractionated
samples into highly pure IgA+ and IgA fractions by stringent
magnetic purification with an autoMACS separator (Figure 1D)
and classified bacteria present in each fraction by IgA-Seq. We
found that colonic bacteria markedly segregated into IgA+ and
IgA taxa (Figures 1E and 1F), as recently reported (Kau et al.,
2015; Palm et al., 2014). Numerous taxa were heavily enriched
in the colonic IgA+ fraction, suggesting specific targeting by
IgA (Figure 1F). Conversely, numerous colonic taxa were not
targeted by IgA and were instead enriched in the IgA fraction
(Figures 1E and 1F). These trends were also apparent in human
colonic samples (Figure S1). In stark contrast to the colon,
duodenal bacteria did not segregate into IgA+ and IgA taxa (Fig-
ures 1E and 1F). Instead, most duodenal taxa were found equally
represented in both fractions. These data, as well as the high fre-
quency of IgA+ bacteria in the duodenum (Figure 1B), suggest
that most duodenal commensals elicit specific IgA, whereas
many colonic commensals do not.
We reasoned that segregation of colonic bacteria into IgA+ and
IgA taxa could be explained if (1) most bacteria indigenous to
the colon were not targeted by IgA, and (2) colonic IgA+ bacteria
also reside in the small intestine. In support of this, we found that
the colonic IgA+ fraction closely resembled the duodenal com-
munity, whereas the colonic IgA fraction wasmostly composed
of taxa indigenous to the colon (Figure 1E). In total, more than
90% of colonic IgA+ bacteria were present at >1% relative abun-
dance in the duodenum (Figure 1G). Amember of Bacteroidetes,
S24-7, was the only taxon found appreciably in the colonic IgA
fraction and at >1% relative abundance in the duodenum, but
this taxon was also found enriched in the IgA+ fraction in both lo-
cations (Figure 1E–1G). Thus, nearly all colonic IgA+ taxa were
also abundant in the small intestine, whereas most IgA taxa
were abundant only in the colon.
To assess whether colonic IgA+ bacteria could establish resi-
dence in the small intestine, we colonized germ-free mice with
either IgA+ or IgA colonic fractions and analyzed small intestinal
and colonic communities 28 days later. Consistent with origins in
the small intestine, colonic IgA+ bacteria stably colonized theealthy humans. Lines connect samples from the same patient (n = 6).
s.
sequencing. Duodenal and colonic samples were taken from the same mice,
ce in IgA from (E). Error bars indicate SE.
abundance in the duodenum (black) or found at <1% relative abundance in the
munity 43, 541–553, September 15, 2015 ª2015 Elsevier Inc. 543
Figure 2. Colonic IgA+ and IgA– Bacteria Differentially Colonize the Small Intestine or Colon
(A) Average relative abundance of indicated taxa in the jejunum or colon of germ-free mice colonized with IgA+ colonic bacteria (n = 4) or mice colonized with IgA
colonic bacteria (n = 3). Input fractions used to colonize recipient germ-free mice were from WT B6 mice. Recipients of IgA+ or IgA inocula were housed in
separate gnotobiotic isolators and mice were analyzed 28 days after colonization.
(B) Beta diversity analysis comparing intestinal microbial communities of mice colonized with IgA+ colonic bacteria or IgA colonic bacteria indicate similarity
between samples shown in (A). Branch length is scaled to the weighted UniFrac distance.jejunum of germ-free mice and gave rise to a community that
closely resembled the input community (Figure 2A). In contrast,
the colonic community of these mice did not resemble the input
community, likely representing outgrowth of minor contaminants
in the input fraction (Figure 1D). Beta diversity-based analysis of
bacterial communities further verified that small intestinal com-
munities of recipient mice were more similar to the IgA+ input
than colonic communities (Figure 2B). Mice colonized with a
colonic IgA inoculum showed an opposite pattern: IgA bacte-
ria stably colonized the colon and gave rise to a colonic commu-
nity that resembled the IgA inoculum (Figure 2A). In contrast,
the small intestinal communities of these mice did not resemble
the inoculum. Beta diversity-based analysis verified that colonic
communities were more similar to the IgA inoculum than small
intestinal communities (Figure 2B). These data support the hy-
pothesis that colonic IgA+ bacteria also reside in the small intes-
tine, whereas colonic IgA bacteria are indigenous to the colon.
In summary, we conclude that IgA predominantly targets small
intestinal commensals and that most small intestinal bacteria
elicit specific IgA. In contrast, bacteria found primarily in the co-
lon are not major targets of IgA.
T-Independent and T-Dependent IgAs Coat Distinct
Commensal Bacteria
Commensal-specific IgAs have been posited to be largely TD
(Kubinak et al., 2015; Palm et al., 2014; Stephens and Round,
2014). However, the specificity of TD IgA remains poorly under-544 Immunity 43, 541–553, September 15, 2015 ª2015 Elsevier Inc.stood and it is not clear whether GC reactions target all IgA+
commensals or only a subset. Although mucosal GCs depend
in part on signals from the microbiota (Casola et al., 2004; Kubi-
nak et al., 2015), we detected GC B cells, Tfh cells, and IgA in
germ-free mice, suggesting that non-microbial antigens such
as dietary antigens might also stimulate TD responses (data
not shown). Seminal work by Macpherson and colleagues
demonstrated that TI IgA could react with model antigens ex-
pressed by E. coli or with lysates from the model culturable
commensal Enterobacter cloacae (Macpherson et al., 2000).
However, it is unclear whether most commensal bacteria elicit
TI responses in vivo and the commensals targeted by TI specific-
ities have not been characterized.
To determine whether TI IgA is sufficient to coat commensal
bacteria, we examined IgA responses in Tcrb/d/ mice and
Tcrb+/d+/ littermate controls. Tcrb/d/ mice lack all ab
and gd T cells and thus cannot mount TD antibody responses
(Macpherson et al., 2000). Tcrb/d/ mice did not form GCs
in mLNs and PPs but had normal numbers of B220+ IgA+ class-
switched B cells (Figures 3A and 3B), as previously reported (Ca-
sola et al., 2004; Tezuka et al., 2011). Despite this, small intestinal
andcolonic laminapropriaB220IgA+plasmacellswere reduced
10-fold in Tcrb/d/mice (Figure 3C), consistent with previous
reports (Macpherson et al., 2000). Tcrb/d/ IgA+ small intes-
tinal plasma cells displayed a mixed surface IgAhi and IgAlo
phenotype whileWT cells were largely IgAlo; colonic IgA+ plasma
cellswere IgAhi inbothTcrb/d/miceandcontrols (Figure3C).
Figure 3. T-Independent and T-Dependent IgAs Coat Distinct Commensal Bacteria
(A) Representative staining and absolute numbers of indicated populations in the mLN, (B) PP, or (C) small intestinal and colonic lamina propria of Tcrb/d/
mice or Tcrb+/d+/ littermate controls. CD95 by Gl7 plots were gated CD19+. B220 by IgA plots were gated TcrbCD3 in the mLN and PP and Lin (CD3, Tcrb,
CD4, CD11c, NK1.1, F4/80) in the intestinal lamina propria. Data compiled from three independent experiments.
(D) Representative staining and quantification of IgA+ bacteria in Tcrb/d/ mice (n = 8) and littermate controls (n = 9). Data compiled from four independent
experiments. Error bars indicate SE.
(E) (left panel) Free IgA in Tcrb/d/mice (n = 8) and littermate controls (n = 9) or (right panels) endogenous IgA coating in the ileum or colon of co-housedB6 and
Rag1/ mice and staining of Rag1/ bacteria with B6 free IgA, as indicated. Error bars indicate SE.
(F) Relative enrichment of taxa in the colonic IgA+ fraction of controls (black) or knockouts (white). n = 6 each genotype, representative of two independent
experiments. Error bars indicate SE. See also Figure S2.Surprisingly, we observed substantial commensal IgA coating in
Tcrb/d/ mice (Figure 3D). Indeed, IgA+ bacteria were found
at identical frequencies to co-housed littermate controls and no
appreciable differences in IgA staining intensity were apparentIm(Figure 3D). These observations suggest that TI IgA might ac-
count for most commensal bacterial coating.
While commensal-specific IgA appeared largely intact in
Tcrb/d/mice, free IgA was significantly reduced (Figure 3E)munity 43, 541–553, September 15, 2015 ª2015 Elsevier Inc. 545
(Macpherson et al., 2000). Because this compartment was
dramatically affected by the loss of T cells, we considered that
it might contain TD specificities against non-microbial antigens
and therefore assessed whether free IgA could bind commensal
bacteria. We cohousedWT C57BL/6 mice with Rag1/mice for
3 weeks, which equilibrated microbial communities (Figure S2A).
We then isolated ileal or colonic free IgA fromWTmice and used
it to stain Rag1/ ileal or colonic bacteria, respectively.
Although some free IgA reacted with Rag1/ bacteria, this
staining was faint and insufficient to restore IgA coating to WT
frequencies, even at high staining concentrations >100 mg/mL
(Figure 3E). Thus, commensal-reactive specificities appear to
be dilute in the free IgA and this compartment might contain pri-
marily TD specificities against other luminal antigens.
To identify commensal bacteria targeted by TI IgA, we
performed IgA-Seq on colonic and jejunal samples from
Tcrb/d/mice and co-housed littermate controls. Co-housed
Tcrb/d/ mice and Tcrb+/d+/ littermates displayed largely
overlapping small intestinal and colonic microbial communities
(Figure S2B). Most IgA+ bacteria found in controls were equally
enriched in the IgA+ fraction of Tcrb/d/ mice (Figures 3F
and S2C). This trend was apparent in both the colon and jejunum
(Figures 3F and S2C). These data suggest that most IgA+ bacteria
induce robust TI responses.
We identified two taxa, segmented filamentous bacteria (SFB)
and Mucispirillum, that were absent from the IgA+ fraction of
Tcrb/d/ mice but enriched in the IgA+ fraction of Tcrb+/d+/
littermate controls (Figures 3F and S2B). This pattern was
observed in both colonic and jejunual samples (Figures 3F and
S2B). Thus, TD specificities appear necessary for IgA coating
of these taxa. Notably, both SFB and Mucispirillum interact
closely with the intestinal epithelium in the terminal ileum (Le´cuyer
et al., 2014; Robertson et al., 2005). We hypothesize that SFB and
Mucispirillum might possess atypical cell wall structures that
poorly stimulate TI responses andmight therefore come into close
contactwith themucosa, allowing samplingbyantigen-presenting
cells and priming of TD IgA responses.
Together, these data suggest that TD and TI responses might
coat non-overlapping commensal bacterial taxa. While most
IgA+ bacteria induce strong TI responses, atypical commensals
such as SFB and Mucispirillum exclusively elicit TD responses.
Germinal Centers and Somatic Hypermutation Are
Dispensable for Commensal Coating
We found prominent TI IgA coating in Tcrb/d/ mice, but it
was possible that these mice had defects related to the absence
of T cells but unrelated to TD IgA. Therefore, we sought to vali-
date these observations by examining bacterial coating in two
additional models.
We first examined IgA responses inCD4-Cre Bcl-6fl/fl (Bcl-6DT)
mice, in which conditional deletion of the transcription factor
BCL-6 in T cells prevents Tfh differentiation and GC formation
(Hollister et al., 2013). Bcl-6DT mice lacked GCs and Tfh but
had normal numbers of B220+IgA+ B cells in mLNs and PPs
(Figure 4A). Bcl-6DT small intestinal IgA+ plasma cell numbers
were reduced 3-fold compared to controls (Figure 4A). Similar
to Tcrb/d/ mice, bacterial IgA coating in Bcl-6DT mice was
identical to controls and no differences in staining intensity
were apparent (Figure 4B).546 Immunity 43, 541–553, September 15, 2015 ª2015 Elsevier Inc.IgA-Seq revealed that all IgA+ commensal bacteria induced
potent GC-independent IgA responses (Figure 4C) and that
IgA+ bacteria in littermate controls were equally enriched in the
IgA+ fraction of co-housed Bcl-6DT mice. We found that SFB
and Mucispirillum were IgA+ in Bcl-6DT mice, suggesting that
coating these bacteria is TD but GC-independent. These data
support the conclusion that IgA+ commensal bacteria promi-
nently induce TI responses.
As a second approach, we examined bacterial coating in
mice lacking activation-induced cytidine deaminase (AID; en-
coded by Aicda). AID is required for somatic hypermutation
(SHM) and class-switch recombination and thus Aicda/ mice
produce unmutated antibodies of the IgM isotype (Fagarasan
et al., 2002). We observed Tfh and GCs in Aicda/ mice (Fig-
ure 4D), and Aicda/ mice had B220IgM+ but not B220IgA+
plasma cells in their small intestinal lamina propria (Figure 4D),
as reported previously (Fagarasan et al., 2002). As expected,
we found no IgA+ bacteria in Aicda/mice (Figure 1A). Instead,
we readily detected IgM+ bacteria in Aicda/ mice, but not in
Aicda+/ or Rag1/ controls (Figure S3A). The frequency of
IgM+ bacteria in Aicda/ mice was identical to the frequency
of IgA+ bacteria in Aicda+/ littermate controls (Figure 4E).
To identify bacteria coated in the absence of SHM, we per-
formed IgM-Seq on Aicda/ mice and IgA-Seq on co-housed
Aicda+/ littermate controls (Figure S3B). IgM+ bacteria in
Aicda/ mice were identical to IgA+ bacteria in controls and
all taxa were equally enriched in the IgM+ fraction of Aicda/
mice and the IgA+ fraction of controls (Figure 4F). SFB and Mu-
cispirillumwere both strongly IgM+ inAicda/mice, further sug-
gesting that coating of these taxa is TD but independent of SHM.
Together, these data indicate that GCs and SHM are dispens-
able for IgA coating of commensal bacteria and support the hy-
pothesis that commensal-specific IgA is primarily TI.
Exaggerated Coating of S24-7 in a Model of Tfh
Hyper-Sufficiency
As a complementary approach, we analyzed IgA coating in a
model of Tfh hyper-sufficiency. Our laboratory recently identified
the E3 ubiquitin ligase Cullin-3 (CUL3) as a co-repressor that
complexes with BCL-6 and limits Tfh differentiation (Mathew
et al., 2014). Conditional deletion of CUL3 in T cells (CD4-Cre
Cul3flfl; Cul3DT) results in mLN hyperplasia driven by sponta-
neous, cell-intrinsic, antigen-specific expansion of Tfh and T
follicular regulatory (Tfr) cells in the absence of observable
pathology (Mathew et al., 2014). This expansion drove a 10- to
15-fold increase in mLN GC B cells and B220+IgA+ B cells (Fig-
ure S4A) and a corresponding increase in B220IgA+ plasma
cells in the proximal small intestinal lamina propria (Figure S4B).
Cul3DT mice had an increased frequency of IgA+ bacteria
compared to co-housed littermate controls (Figure S4C).
Increased IgA coating was clearly driven by exaggerated TD
responses against a single taxon, S24-7 (Figure S4D). Cul3DT
mice also showed a notable absence of Mycoplasmataceae,
which were abundant in littermate controls (Figure S4D). S24-7
did not require T cells for IgA targeting, as its relative enrichment
in the IgA+ fraction was not altered in Tcrb/d/ mice (Figures
3F and S2B). These data suggest that S24-7 can induce TD
responses but, unlike SFB and Mucispirillum, does not require
TD specificities to become IgA+.
Figure 4. Germinal Centers and Somatic Hypermutation Are Dispensable for Commensal Coating
(A) Absolute numbers of indicated populations in the mLN, PP, or small intestinal lamina propria of CD4-Cre Bcl-6 fl/fl mice or littermate controls. Data compiled
from three independent experiments.
(B) IgA bacterial coating, compiled from two independent experiments. Error bars indicate SE.
(C) Fold enrichment of indicated taxa in colonic IgA+ fraction of Bcl-6DT mice or co-housed littermate controls. n = 3 each genotype, representative of two
independent experiments. Error bars indicate SE.
(D) Absolute numbers of indicated populations in the mLN, PP, or small intestinal lamina propria of Aicda/mice or Aicda+/ littermate controls. Data compiled
from two independent experiments.
(E) IgM bacterial coating (Aicda/ mice) or IgA bacterial coating (Aicda+/) mice. Data compiled from two independent experiments. Error bars indicate SE.
(F) Fold enrichment of indicated taxa in colonic IgM+ fraction of Aicda/mice or IgA+ fraction of Aicda+/mice. n = 5 each genotype. Error bars indicate SE. See
also Figures S3 and S4.
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Figure 5. Commensal-Specific IgA+ Plasma Cells Differentiate from B1b and B2 B Cell Precursors
(A) Representative staining and (B) absolute numbers of small intestinal or colonic IgA+ plasma cells recovered from Rag1/ mice that received the indicated
sorted populations. B1 populations were transferred i.p. (500,000 B1, 1,000,000CD4/CD8 T cells, or 250,000 B1a or B1b) andB2 populationswere transferred i.v.
(1,000,000 B2, 1,000,000 CD4/CD8 T cells). Mice were analyzed 5 weeks after transfer. Data compiled from six independent experiments and two separate sorts
for each transferred population.
(C) IgA bacterial coating or free IgA in indicated recipient mice. Error bars indicate SE.
(D) Immunoglobulin heavy chain repertoire sequencing of indicated populations. Tree plots are shown—each shape indicates a unique IgH CDR3 and size is
scaled to relative clonal abundance.
(E) Frequency of VH11 gene segments within the populations shown in (D) or number of sequences containing the indicated canonical B1a CDR3
0s. See also
Figure S5.Commensal-Specific IgA+ Plasma Cells Differentiate
from B1b and B2 B Cell Precursors
IgA+ plasma cells can derive from both B1 and B2 B cell precur-
sors, although the relative contributions of these lineages remain548 Immunity 43, 541–553, September 15, 2015 ª2015 Elsevier Inc.controversial (Kroese et al., 1989; Macpherson et al., 2000;
Thurnheer et al., 2003). Limited evidence based on mixed bone
marrow-peritoneal cell chimeric mice suggest that many IgA+
plasma cells in Tcrb/d/ mice might be of B1 origin
Figure 6. B1b and B2 B Cells Coat Diverse and Overlapping
Commensal Bacterial Taxa
Fold enrichment of indicated taxa in colonic IgA+ fractions of Rag1/ mice
reconstituted with sorted B cell populations, as described in Figure 5. n = 3
each group of mice, compiled from two independent experiments. Error bars
indicate SE.(Macpherson et al., 2000). However, it is unclear whether both
B1 and B2 B cells give rise to commensal-specific IgA and
whether these lineages contribute differentially to IgA coating
of certain commensal taxa.
Analysis of B1 B cells is complicated by a lack of genetic tools,
such as fate-mapping models, to study these cells in vivo. More-
over, genetic alterations that disrupt B1 lineage development
involve BCR signaling-related molecules that also disrupt the
activation and function of B2 B cells (Baumgarth, 2011). There-
fore, to assess whether B1 or B2 B cells were sufficient to
generate commensal-specific IgA, we reconstituted immunode-
ficient Rag1/ mice with exclusively B1 or B2 B cells by trans-
ferring pure sorted populations. We initially established groups
of Rag1/ recipients reconstituted by: (1) intraperitoneal (i.p.)
transfer of B1 B cells, (2) i.p. B1 B cells + splenic CD4+ and
CD8+ T cells (B1+T), (3) intravenous (i.v.) transfer of B2 B cells,
and (4) i.v. B2 B cells + splenic CD4+ and CD8+ T cells (B2+T).
We readily detected IgA+ plasma cells and bacterial IgA coating
in mice reconstituted with either B1 or B2 B cells (Figures 5A–
5C). Addition of T cells did not affect B1 differentiation into
IgA+ plasma cells but did induce free IgA, albeit at low titers (Fig-
ures 5A–5C). In contrast, T cells markedly increased the number
of B2 B cell-derived IgA+ plasma cells and supported generation
of high titers of free IgA (Figures 5A–5C). Thus, TI B1 B cells and
TI and TD B2 B cells can coat commensal bacteria while free IgA
is predominantly derived from TD B2 B cells.
We next assessed the ability of peritoneal B1a and B1b
subsets to differentiate into IgA+ plasma cells by i.p. transfer ofImsorted B1a or B1b into Rag1/ recipients. While B1b B cells
gave rise to a substantial population of IgA+ plasma cells and
coated commensal bacteria, B1a B cells did not differentiate
into IgA+ plasma cells (Figures 5A–5C). We verified that both
B1a and B1b B cells stably reconstituted the peritoneal cavity
of recipient mice (Figure S5). To further assess whether B1a B
cells contribute to the IgA+ plasma cell pool, we performed
immunoglobulin repertoire sequencing of peritoneal B1a and
B1b B cells, splenic B2 B cells, WT IgA+ plasma cells, and
Tcrb/d/ IgA+ plasma cells. The B1a B cell repertoire is en-
riched in canonical rearrangements of the VH11 gene family
that encode specificities toward conserved microbial antigens
such as phosphorylcholine (Baumgarth, 2011). Indeed, we found
that the B1a repertoire was partially restricted and that approx-
imately 8% of sequences were of the VH11 gene family (Figures
5D and 5E). The B1a repertoire also contained prominent clonal
populations with conserved CDR3 sequences representing the
VH11, VH1-55, and VH1-9 gene families (Figures 5D and 5E).
In contrast, VH11 gene segments made up a negligible fraction
of the repertoires of splenic B2, peritoneal B1b, WT IgA+
plasma cells, or Tcrb/d/ IgA+ plasma cells and canonical
B1a CDR3s were completely absent (Figures 5D and 5E). The
peritoneal B1b repertoire was broad and of comparable diversity
to that of splenic B2 B cells with little evidence of clonal expan-
sion or conserved immunoglobulin rearrangements. Together,
these data suggest that B1a B cells do not contribute to the
IgA+ plasma cell repertoire or IgA coating of commensals. We
conclude that commensal-specific IgA is derived from B1b and
B2 B cell precursor populations, although the precise contribu-
tions of each subset remain unclear due to limitations in cell
transfer studies and a lack of genetic tools to dissect these re-
sponses in intact mice.
TI B1b and B2 B Cells Coat Diverse and Overlapping
Commensal Bacterial Taxa
To identify commensal bacteria bound by B1b or B2-derived IgA,
we performed IgA-Seq on colonic samples from Rag1/ mice
reconstituted with B1 or B2 B cells. This analysis revealed that
TI B1b and B2 B cells were each sufficient to coat a diverse array
of commensal bacteria (Figure 6). B1b and B2 coated overlap-
ping bacterial taxa and there were no apparent differences in ef-
ficacy of coating certain taxa by either subset (Figure 6). This is
consistent with the observation that both B1b and B2 B cells
possess broad and diverse immunoglobulin repertoires (Fig-
ure 5D). Addition of T cells did not alter the taxa targeted by
B1b or B2 B cells, further supporting the conclusion that most
commensal bacteria primarily induce TI IgA (Figure 6).
TI Antibodies Bind Specifically to Commensal Bacteria
TI IgA responses might give rise to polyreactive specificities
(Mestecky, 2005; Pabst, 2012). Further, IgA might interact with
bacteria nonspecifically via the IgA fragment crystallizable (Fc)
region or secretory component (Mathias and Corthe´sy, 2011).
We generated recombinant monoclonal antibodies from single
Tcrb/d/ small intestinal IgA+ plasma cells and engineered
them to express the human IgG1 Fc instead of mouse IgA Fc.
Five out of five antibodies recognized Rag1/ small intestinal
or colonic commensal bacteria (Figure 7). Each antibody bound
to a discrete bacterial subset and their mixture stained an evenmunity 43, 541–553, September 15, 2015 ª2015 Elsevier Inc. 549
Figure 7. TI Antibodies Bind Specifically to
Commensal Bacteria
Staining of total small intestinal or colonic bacteria
from Rag1/mice or pure cultures of Bacteroides
fragilis with indicated recombinant monoclonal
antibodies derived from single Tcrb/d/ small
intestinal IgA+ plasma cells and engineered to ex-
press human IgG1 Fc instead of mouse IgA Fc
Staining was performed using supernatants from
transduced HEK293T cells expressing indicated
antibody constructs. Untransfected supernatant
was used as a negative control. Data are repre-
sentative of two independent experiments.greater fraction of bacteria, revealing distinct specificities.
Recognition was specific, as none of the antibodies reacted
with the colonic commensal Bacteroides fragilis (Figure 7).
DISCUSSION
The commensal bacteria targeted by IgA have remained enig-
matic. Recent studies suggest that IgA targets particularly immu-
nogenic or invasive bacteria (Kau et al., 2015; Palm et al., 2014).
In contrast, we found that anatomical location was the primary
factor that determined whether a particular taxon elicited an
IgA response. Under homeostatic conditions, most small intesti-
nal bacteria were IgA+ and induced specific IgA. Although a frac-
tion of colonic bacteria were IgA+, colonic IgA+ taxa were also
abundant in the small intestine and homed to the small intestine
upon transfer into germ free mice. It is possible that colonic IgA+
bacteria represent small intestinal contaminants rather than
indigenous colonic flora, and distinct physiological properties
might contribute to the differential ability of colonic IgA+ and
IgA commensals to colonize the small intestine and colon.
However, it seems unlikely that small intestinal bacteria are
more immunogenic than colonic bacteria. Instead, this anatom-
ical regulation is likely due to extensive priming of commensal-
specific IgA+ plasma cells in secondary lymphoid tissues
accompanying the small intestine. PPs and isolated lymphoid
follicles are predominantly associated with the small intestine
and possess a specialized epithelium that allows sampling of
luminal antigens (Tsuji et al., 2008). Our data suggest that these
tissues prime IgA against nearly all bacteria present in the small
intestinal lumen.
Previous work has suggested that TI IgA responses generate
low affinity antibodies that react poorly with commensal bacteria
(Fagarasan et al., 2002; Kubinak et al., 2015; Pabst, 2012; Slack
et al., 2012; Stephens and Round, 2014). Further, recent studies
of dysbiotic mice suggested that many commensals might elicit
TD responses (Palm et al., 2014). In contrast, we found strong
commensal Ig coating in mice lacking T cells, GCs, or SHM.
These data indicate that most commensals elicit strong TI re-
sponses and that TI IgA is completely sufficient to coat most
commensal bacteria at frequencies and staining intensities
found in WT mice. This conclusion was also strongly supported
by our finding that five out of five antibodies generated from
Tcrb/d/ small intestinal IgA+ plasma cells recognized
commensal bacteria. Although we did not directly measure their550 Immunity 43, 541–553, September 15, 2015 ª2015 Elsevier Inc.affinity, these TI antibodies were clearly sufficient to brightly stain
commensal bacteria. TI responses generate short-lived plasma
cells, and active turnover of commensal-specific plasma cells
might facilitate rapid, dynamic IgA responses upon exposure
to novel commensal antigens. TI responses might also prevent
pathological activation of commensal-specific T cells by seques-
tering bacteria away from antigen-presenting cells in the intesti-
nal epithelium.
TI responses might promote the generation of polyreactive
specificities (Mestecky, 2005; Pabst, 2012), and IgA might bind
nonspecifically to bacteria via the Fc region or secretory compo-
nent (Mathias and Corthe´sy, 2011). However, by generating
recombinant monoclonal antibodies from single Tcrb/d/
IgA+ plasma cells engineered to express the human IgG1 Fc re-
gion instead of mouse IgA Fc, we demonstrated Fab-dependent
binding to discrete subsets of commensal bacteria, but not to
cultured B. fragilis. Ongoing work in our laboratory is focused
on characterizing the commensal bacteria and specific antigens
recognized by these antibodies.
B1a cells constitute the most abundant peritoneal B cell
lineage and have been extensively investigated and shown to
produce natural IgM antibodies with antimicrobial and self reac-
tivities. However, the minor ‘‘sister’’ B1b lineage has remained
largely elusive and has only been reported to participate
in humoral responses against B. hermsii, S. typhimurium, and
S. pneumoniae (Alugupalli et al., 2004; Gil-Cruz et al., 2009;
Haas et al., 2005). Our results extend these early reports and
reveal a specialization of the B1b lineage in TI IgA responses
against intestinal commensal bacteria. Future work should
address the development of B1b cells and the sites at which
they encounter intestinal antigens and undergo class-switch
recombination in vivo.
Previous work has suggested that TI B1a B cells may give rise
to ‘‘natural’’ IgA in the form of intestinal free IgA, which resem-
bles ‘‘natural’’ low-affinity IgM found in circulation in the
absence of immunization (Baumgarth, 2011; Mestecky, 2005;
Pabst, 2012; Slack et al., 2012). However, we found that the
IgA+ plasma cell immunoglobulin repertoire did not include ca-
nonical ‘‘natural’’ B1a specificities and that B1a B cells did not
differentiate into IgA+ plasma cells, consistent with a previous
study (Roy et al., 2013). IgA plasma cells contributing to the
free IgA compartment appeared to be predominantly derived
from TD B2 B cells. Thus, although many potential antigens
might stimulate free IgA, this compartment does not represent
‘‘natural’’ IgA and appeared largely specific for non-microbial
antigens.
Interestingly, SFB and Mucispirillum evaded TI IgA and
instead elicited TD specificities to become IgA coated. Yet,
IgA coating of these taxa was independent of GCs and SHM
and thus these organisms might induce IgA by atypical mech-
anisms that are dependent on T cells or T cell-derived factors.
SFB is known to be particularly immunogenic and can induce
formation of GCs and tertiary lymphoid structures, as well as
effector T cell differentiation (Le´cuyer et al., 2014). SFB also
induces large quantities of free IgA that is not SFB-specific
(Le´cuyer et al., 2014). In contrast to SFB, the immunogenicity
of Mucispirillum remains uncharacterized. Ongoing work in
our laboratory is focused on culturing and characterizing the
properties of this organism. Notably, SFB and Mucispirillum
both closely associate with the intestinal epithelium in the ter-
minal ileum (Le´cuyer et al., 2014; Robertson et al., 2005).
Thus, these organisms may inhabit similar niches and possess
atypical immunogenic properties, allowing them to evade TI re-
sponses and come into close contact with the mucosa where
they can be sampled by antigen-presenting cells and elicit TD
responses.
We consistently observed that most small intestinal
commensal bacteria were IgA+; however, we found no instances
in which 100% were IgA+. As small intestinal IgA bacteria
appeared taxonomically similar to IgA+ bacteria, a fraction of
bacteria may escape coating. This might result from phase vari-
ation of surface capsular polysaccharide antigens (Peterson
et al., 2007). Alternatively, commensal-specific IgA may be
limiting or may be actively degraded by bacterial IgA proteases
(Moon et al., 2015). Understanding the specificity of individual
IgA antibodies will shed light on this important issue.
We found that 20% of colonic bacteria were typically IgA+,
similar to reports by Kroese et al. (1996) and Tsuruta et al.
(2009), but higher than the 8% reported by Palm et al. (2014).
These differences may be technical, as we used a polyclonal
anti-IgA antibody, whereas Palm et al. (2014) used a monoclonal
antibody. Palm et al. (2014) also described a population of IgAhi
bacteria that was enriched in commensals with pathogenic
properties and largely targeted by TD IgA. This observation
might be limited to a dysbiotic flora because we did not observe
an IgAhi population in healthy mouse microbiota.
In summary, our data reveal the prominent role of the enig-
matic B1b lineage in control of the microbiota and suggest a
model whereby multiple layers of humoral immunity contribute
to homeostatic IgA coating of microbiota in the small intestine.
Most commensals induce TI responses from B1b and B2 B cells,
and these responses sequester bacteria away from the intestinal
epithelium, preventing T cell activation. However, atypical com-
mensals including SFB and Mucispirillum evade TI responses
and penetrate the mucus layer, where they interact with anti-
gen-presenting cells and prime T cell responses. Humoral
regulation of commensal bacteria might have represented a sub-
stantial evolutionary force promoting the diversification and
maintenance of peripheral B cell lineages, including the elusive
B1b lineage. While these data clarify the homeostatic regulation
of commensal-specific IgA, a further understanding of the anti-
gens targeted by IgA might shed light on the regulation of IgA re-
sponses and allow opportunities for therapeutic intervention inImmicrobiota-associated pathologies such as inflammatory bowel
disease, obesity, diabetes, and celiac disease.
EXPERIMENTAL PROCEDURES
Mice
8- to 12-week-old knockout mice were compared to co-housed littermate
controls and maintained under strict SPF conditions. Germ-free C57BL/6
mice were housed at the University of Chicago gnotobiotic facility and
experimental groups were housed in separate gnotobiotic isolators. Ani-
mal research was approved by the Institutional Animal Care and Use
Committee at the University of Chicago. See also Supplemental Experi-
mental Procedures.
Antibodies and Flow Cytometry
Conjugated antibodies purchased from commercial vendors were used to
stain samples prior to analysis on a LSRII flow cytometer (Becton Dickinson),
sorting on a FACSAria (Becton Dickinson), or separation with an autoMACS
(Miltenyi). Data were analyzed using FlowJo (TreeStar). See also Supplemental
Experimental Procedures.
Analysis of IgA+ Bacteria, IgM+ Bacteria and Free IgA
Intestinal contents were resuspended at 0.1mg/mL in PBSwith protease inhib-
itors (Sigma), homogenized, and centrifuged at 400 g to remove large debris.
Supernatant was filtered through a sterile 70 mm strainer and centrifuged at
8,000 g to pellet bacteria. This supernatant was collected and assayed for
free Ig by ELISA. The bacterial pellet was resuspended in PBS 0.25% BSA
with SYTO BC (Life Technologies) and 5% goat serum and then stained with
biotinylated goat anti-mouse IgA, goat anti-human IgA, or goat anti-mouse
IgM (Southern Biotech). After washing, bacteria were stained with streptavi-
din-APC (BioLegend). Bacteria were washed and resuspended in PBS
0.25% BSA with DAPI (Life Technologies) prior to flow cytometry using a low
FSC and SSC threshold to allow bacterial detection. See also Supplemental
Experimental Procedures.
Human Samples
Human study was approved by the Institutional Review Board at the University
of Chicago. Healthy subjects undergoing routine colonoscopy were recruited
at their procedure and informed consent was obtained from all subjects. See
also Supplemental Experimental Procedures.
16S rRNA Gene Sequencing and Microbial Community Analysis
Bacterial DNA was extracted and16S rRNA gene amplicons were generated
and sequenced on an Illumina MiSeq. Sequence data was processed and
analyzed using QIIME (Caporaso et al., 2010) and Primer-6 (Primer-E Ltd).
Sequence data are publicly available through MG-RAST (Meyer et al., 2008)
under project 14533. See also Supplemental Experimental Procedures.
Rag1–/– Cell Transfers
Indicated populations were sorted on a FACSAria cell sorter (Becton Dickin-
son) and post-sort samples were verified for purity. Combinations of
500,000 peritoneal B1, 250,000 B1a, 250,000 B1b, and 1,000,000 splenic
T cells were injected intraperitoneally into Rag1/ mice. Combinations of
1,000,000 splenic B2 and 1,000,000 splenic T cells were injected intrave-
nously. Recipients were analyzed 5 weeks after transfer. See also Supple-
mental Experimental Procedures.
Immunoglobulin Repertoire Analysis
RNA was extracted from sorted samples using an RNeasy kit (QIAGEN) and
sent on dry ice to iRepertoire, Inc. for cDNA synthesis, PCR amplification,
and sequencing on an Illumina MiSeq. See also Supplemental Experimental
Procedures.
Monoclonal Antibody Generation
Recombinant monoclonal antibodies were generated from sorted single IgA+
plasma cells and expressed as chimeric human IgG1 constructs. Culture su-
pernatants from transfected 293T cell cultures were sterile filtered and usedmunity 43, 541–553, September 15, 2015 ª2015 Elsevier Inc. 551
for staining of intestinal bacteria at 2 mg/mL. See also Supplemental Experi-
mental Procedures.
Statistical Analysis
Unpaired or paired Student’s t test was performed with Prism (Graph Pad).
*p < 0.05, **p < 0.01, ***p < 0.001.
ACCESSION NUMBERS
The accession number for the 16S rRNA gene sequencing data reported in this
paper is MG-RAST (Meyer et al., 2008): 14533.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.immuni.2015.08.007.
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